We review recent reports of solvothermal or hydrothermal procedures for the preparation of isolated nanoparticles of some important oxide and chalcogenide materials. The synthetic procedures listed here have the advantages of being relatively inexpensive in terms of the solvents used, arguably green (when water is the solvent) and amenable to scale-up. Handling or processing under inert conditions are rarely called for. We include descriptions of work involving the preparation of capped quantum dots using solvothermal techniques as well as microwave-hydrothermal routes and flow-hydrothermal routes that allow continuous and rapid processing of nanoparticulate materials. 
. Introduction
in using a solvent well-above its boiling point, i.e. the solvent is heated in a sealed vessel (autoclave, bomb, etc.), As the science of nanoparticles matures, there is so that the autogenous pressure far exceeds the ambient inevitably great emphasis being placed on scaling up pressure. This automatically raises the effective boiling procedures for their syntheses. Most procedures for the point of the solvent. Such a technique (which we refer to preparation of oxide and chalcogenide nanoparticles are henceforth as solvothermal) is indeed extensively used in solution-based, and often involve reactions carried out near the preparation of inorganic solids, and in particular of the boiling point of the solvent. In order to obtain zeolite materials [5] . In the special case of the solvent crystalline, monodisperse nanoparticles, it is usually necesbeing water, the technique is often called hydrothermal. In sary to work at relatively high temperatures. This is where our working definition, we do not require the system to be a solvent such as trioctyl phosphine oxide (TOPO) is supercritical and indeed, in most solvothermal syntheses, useful for the preparation of semiconductor quantum dots the temperature employed is well below the critical [1] , certain transition metal oxide nanoparticles [2] and temperature. metal nanoparticles [3] . In these examples, TOPO acts In this review, we limit ourselves to the uses of hydro / both as solvent and capping agent. In a similar vein, solvothermal techniques for the preparation of nanopartiAlivisatos and coworkers [4] have used trioctylamine to cles of oxides and chalcogenides. For the most part, our thermolyse metal complexes so as to obtain the correinterest is in unsupported nanoparticles and we have sponding oxide nanoparticles.
attempted to focus on procedures that: (i) either involve The problem with these high-temperature solvents, apart capping by surfactant, or at least, suggest the possibility from their toxicity, is that they can be very expensive, for doing so; and / or (ii) result in sub-10 nm particles. We which makes scale-up non-viable. Handling them (for do not discuss the extensive literature on the hydrothermal example, attempting to distill / evaporate / purify) is also not sol-gel processing of nanophase ceramic materials [6] . To always easy. On the other hand, more common, inexpenuse this review, we suggest that the reader turns to The subscript 'r' refers to reduced conditions (for It is useful to be able to estimate the pressures generated example, T 5 T /T ) and the subscript 'C' denotes the r C within a solvothermal reaction bomb-if only for reasons critical value. T , p and the acentric factor v are C C of safety. Cubic equations of state [7] turn out to be tabulated for many different solvents, for example in the appropriate for this purpose. For a given temperature T and textbook of Reid et al. [8] . Fig. 1 displays the isobars of pressure p, they yield three volume roots. The smallest real the molar volume of toluene at different temperatures root corresponds to the molar volume V of the liquid calculated using the above procedure. We interpret the plot m fraction in the bomb. Plots of isobars (constant pressure) of as follows: For a filling fraction of 0.7 of toluene in the the molar volume as a function of temperature can be bomb, we obtain a molar volume of approximately 0.15 l
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calculated from these equations. The starting molar volume mol . This means, at 250 8C, the pressure within the of the liquid is calculated using the formula weight of the bomb is approximately 100 bar. At lower temperatures, or liquid, the filling fraction in the bomb and the volume of smaller filling fractions, the pressure is less. the bomb. This molar volume is then interpolated into the plot in order to obtain an estimate of the kinds of pressure being developed in the bomb. We have used the Peng-3 . Oxide nanoparticles Robinson equation of state for the purpose. This equation takes the form [8] :
As mentioned previously, we focus on solvothermal (including hydrothermal) routes to the preparation of 
.2. Routes involving hydrolysis
Hydrolytic routes are popular for the preparation of oxide nanoparticles. In aqueous solutions, a trivalent ion III such as Fe is expected to be solvated by a shell of water molecules. One might therefore write the hydrolysis as: 31 1
This scheme indicates the necessity to raise the pH in the hydrolytic reaction, in order to remove protons that are generated and thereby to drive the reaction to the right. A popular hydrolytic route to oxides is the (acid or basecatalyzed) polycondensation of alkoxy compounds. This is particularly useful for compounds with quadrivalent ions, IV IV IV such as Si , Ti , Zr , etc. For example, starting with titanium tetra-isopropoxide Ti(OR) , one can write the 4 acid or base-catalyzed hydrolysis as:
In detailed and very elegant work, Chemseddine and particles. These could be salted out of the solution using Yanqing et al. [12] have hydrolyzed aqueous solutions NaCl. Interestingly, the particles could be redispersed in of TiCl hydrothermally (T 5 100-300 8C for different 4 water to give clear solutions that exhibit Beer-Lambert durations varying from 6 to 44 h). The size, morphology concentration dependence in optical absorption spectra.
and phase of the resultant TiO particles could be con- 2 The authors suggest that these are the smallest ceria trolled. The amount of rutile increased with time, temperaparticles reported so far.
ture and the initial TiCl concentration. Small particle sizes 4 A combination of oxidation and hydrolysis under hydrowere found when the initial TiCl concentration was low 4 thermal conditions has been used to prepare 10-nm spinel and the reaction times were kept short. ZnGa O particles [10] . The starting materials were Zn TiO (anatase and rutile) nanoparticles have been pre- Optimal starting ratios were 85:1 for ethanol / Zr; 20:1 for diethyleneglycol / Zr and 0.002 for HCl / Zr. Under these conditions, well-separated, small particles were obtained. The mechanism proposed is that the glycol coordinates with the Zr ion and the polycondensation of this species is sterically hindered so that the particle growth is limited. Hirano [15] has described the preparation of spinel ZnGa O nanoparticles starting with Zn and Ga sulphates 2 4 with NH added to adjust the pH to different values (initial nanoparticles were obtained. Typical anatase particle sizes nanoparticles such as CoFe O can be prepared by starting 2 4 were 50 nm. High reaction times and temperatures favor with the corresponding cupferron complexes and heating rutile formation. These authors have recorded TEM images them solvothermally in toluene in the presence of an amine of the microemulsions before hydrothermal treatment and (n-octylamine or n-dodecylamine) capping agent. The see that the emulsions have the shapes of the products they nanoparticles so produced are superparamagnetic. Disform on heat-treatment.
persity can be controlled so that as-prepared nanoparticles show particle size distributions with widths of about 20%.
.3. Route involving thermolysis
To our knowledge, this is the only example of capped oxide nanoparticles being produced using a solvothermal In our laboratory, we have prepared a number of technique. Fig. 3 displays the TEM image of octylaminetransition metal oxide nanoparticles containing either a capped 7-nm CoFe O spinel nanoparticles. This is only 2 4 single metal atom or two metal atoms (spinel oxides) using one of many mixed transition metal oxides that can be a thermolytic route involving the decomposition of cupfermade using this route. ron complexes of transition metal ions in solvothermal toluene [*17 ]. This route is an extension of the one presented by Rockenberger et al. [4] , who have used 4 . Chalcogenide nanoparticles trioctyl amine as the solvent for the decomposition of cupferron complexes. Cupferron is N-phenyl, N-nitroso An important landmark preparation, actually of a pnichydroxylamine. A typical cupferron complex of a divalent tide InAs [19] , has led the way to the preparation of a 21 metal ion M is shown in Fig. 2 . The crystal structure number of different chalcogenide nanoparticles using displayed is that of Cu(cupferron) with the coordinates solvothermal routes. Much of the work comes from the 2 taken from Ref. [18] . The complex is bonded to the metal group of Yi-Tai Qian in Hefei, China, and has been atom through O and heating results in the decomposition reviewed previously [**20] . In the InAs preparation [19] , reaction with Zn and S gives different particles sizes depending on the time of heat treatment: 3 nm (t 5 5 h), 10 nm (t 5 10 h) 18 nm (t 5 24 h). The particles were spherical. In reactions such as these, it is possible that the amine solvent solvates electrons that are given up by the metal. These electrons reduce the chalcogen to the anion resulting in precipitation. ZnSe and CdSe particles (70-100 nm) have been prepared [*22 ] by Peng et al. from the elements under hydrothermal conditions (T 5 180 8C, t 5 24 h). This is an important reaction since water is the ideal solvent from most viewpoints. Were means to be found to reduce the particle size to the sub-10 nm range, this procedure has great potential for scale up. The cubic zinc blende structures were obtained from these reactions. At temperatures less than 180 8C, the metal oxide or hydroxide and Se were obtained. This is perhaps to do with poor Se solubility below 180 8C.
Qian and coworkers [23] have reported wurtzite ZnSe nanoparticles with sizes in the 18-nm range starting from the elements in ethylenediamine (T 5 120 8C, t 5 6 h). This reaction yields a complex with the formula ZnSe(en) where en is ethylenediamine. They have characterized this complex by X-ray diffraction and infrared spectroscopy. The complex on further treatment with dil. HCl gave large lamellar wurtzite ZnSe particles. It is important to keep the HCl concentration low to avoid dissolving ZnSe. The 
.2. Redox reactions and precipitations
the authors took InCl , AsCl and Zn powder in xylene, 3 3 and treated the reactants solvothermally at T 5 150 8C, CdS nanoparticles with different sizes and morphologies t 5 48 h. The product was 15-nm InAs nanoparticles. The have been reported by Qian and coworkers [24] starting reaction takes place between the freshly formed elements from the metal nitrates or sulphates, using thiourea as the S that are obtained on the reduction of the In and As halides source. The solvents tried were water, ethanol, butanol, by Zn. Generally, water would be avoided in such a ethylene glycol, tetrahydrofuran (THF) or ethylreaction. Here, trace quantities are actually beneficial for enediamine. The smallest particles (6 nm) were obtained product formation. The suggested reaction is using ethylene glycol as the solvent (T 5 180 8C, t 5 12 h).
In the amine solvents, rods were obtained, instead of [21] to naphthalene in the presence of Se, producing H Se in 2 by reacting the elements in pyridine (T 5 180 8C, t 5 8 h). the process. This reacts with cadmium stearate to give The TEM images show platelets of aggregated particles, CdSe. The process is inexpensive and relatively safe, and along with individual spherical particles. The cubic zinc yields surprisingly monodisperse quantum dots (the parblende structure was obtained under these conditions. The ticle size distributions have a width that is about 5% of the reaction could not be carried out in benzene; and in mean) with good luminescence properties. Fig. 4 displays ethylenediamine, a complex was obtained. A similar the TEM image of dodecanethiol-capped 3-nm CdSe and ethanol. The conditions were T 5 180 8C, t 5 24 h. The reaction was also carried out in the presence of the surfactant CTAB (cetyl trimethylammonium bromide). The concentrations of the starting materials were found to influence the size and morphology of the particles. At low concentrations, 15-nm nanoparticles were obtained. When the concentration was increased, nanowhiskers and nanorods were obtained. CTAB reduced the particle size and led to narrower particle size distributions. The solvent 31 itself undergoes oxidation leading to the reduction of In . The proposed reaction is
Qian and coworkers [32] Control over particle size and shape could be achieved through changing the solvent, temperature and reaction nanoparticles prepared solvothermally in toluene as detime. For example, using DMF, spherical particles could scribed. To the best of our knowledge, this is the only be prepared. With pyridine at low temperatures, filaments report so far of a solvothermal route to surfactant-capped were obtained. Hydrazine is necessary in order to reduce semiconductor chalcogenide nanoparticles. the chalcogen to the ion under alkaline conditions. Neither Cu Se particles (18 nm) were obtained by Qian and
CoSe nor FeSe crystallize in the cubic pyrites phase but were prepared by Qian and coworkers [28] starting from lower solubility of Se in these solvents. In ethylthe acetate Co(CH COO) , hydrazine and thiourea in enediamine, a complex is obtained instead of the chal- 3 2 water, T 5 170 8C, t 5 12 h. Hydrazine plays an essential cogenide. role here as a reducing agent, and in its absence, CoS was Chen and Fan [*33 ] have prepared MS and MSe 2 2 formed. A slight excess of Co was required to obtain particles (M5Fe, Co, Ni, Mo) with sizes ranging from 4 to near-stoichiometric materials. Particle sizes were estimated 200 nm under hydrothermal conditions. They start with from X-ray diffraction line-broadening. At temperatures MCl (when M5Ni, Co or Fe) and sodium thiosulphate 2 less than 160 8C, the product was contaminated with CoS. Na S O or sodium selenosulphate Na SSeO . The hydro- was required. The particles were spherical and quite h. All the dichalcogenides of Fe, Co and Ni were cubic. monodisperse. Higher temperatures and longer reaction
The pH of the starting solution was found to influence the times lead to agglomeration and larger particles. It has reaction. For pH.7 in the NiS preparation, Ni(OH) was 2 2 21 been suggested that Sn is chelated by ethylenediamine. the product. When the pH,3, NiS and Ni S were the 3 4 In benzene, toluene or tetrahydrofuran, the reaction is products. For the preparation of MoS and MoSe , the 2 2 incomplete; 25-nm Bi Se particles [30] could similarly be starting materials were Na MoO , hydrazine (as a reducing 2 3 2 4 made starting from BiCl and Se but using NaI as the agent) and Na S O / Na SSeO . The hydrothermal con- from X-ray Scherrer broadening as well as from transmisIn S nanoparticles have been reported by Xiong and sion electron microscopy and these were found to be 2 3 coworkers [31] part of the emulsion, Na S was added and to the other, kept between 7 and 14. When the pH was less than 5, 2 MCl added (M5Zn and Mn). These were mixed and molybdenum bronzes were formed. but with a wide size distribution. Photoluminescence They obtain 15-nm particles starting from CuCl , InCl 2 3 intensities of the samples were enhanced by a factor of 60 and Se. The solvent was either ethylenediamine or diethylcompared to the sample prepared by a conventional amine, with T 5 180 8C, 15 h when the solvent was aqueous reaction at room temperature. This is attributed to ethylenediamine, and 36 h in the case of diethylamine. In the surface passivation of the Mn-doped ZnS nanocrystals ethylenediamine, whiskers were obtained. Spherical parand the formation of the cubic zinc blende structure. ticles were obtained in diethylamine. The phase was chalcopyrite. The proposed reaction involves: nanoparticles. We believe these to be important for posCuInSe S [35] has been prepared by Qian and sible scale-up of solvothermal routes to nanoparticles. The 22x x coworkers using InCl , CuCl , S and Se with ethyltwo techniques are: (i) microwave-solvothermal reactions 3 2 enediamine as the solvent (T 5 180 8C, t 5 15 h). Diethyland (ii) flow-solvothermal reactions. amine can also be used but longer times are required Microwave-hydrothermal techniques employ polymeric (t 5 48 h). The average particle size was 15 nm.
bombs / autoclaves that are transparent to microwaves but AgGaS (5-7 nm) and 9-12 nm AgInS nanoparticles whose aqueous contents couple and rapidly heat up to 2 2 have been prepared [36] in a reaction involving AgCl, the (provided the system is controlled) a temperature that is in metal (Ga or In) and S in ethylenediamine (T 5 180-turn governed by the pressure. Systems are commercially 230 8C, t 5 10 h). Here, the solvent plays a dual role of available for so-called microwave-hydrothermal digestion ZnFe O ferrite particles. In a typical procedure, metal 2 4 3AgCl 1 6S 1 4M → AgMS 1 MCl 2 3 nitrates are treated with NH till a specific pH is reached. These are then subjected to digestion in the microwave CuMS (M5In and Ga) nanoparticles with sizes of the 2 hydrothermal assembly (T 5 164-194 8C, t | 4 min). The order of 10 nm (M5In) and of the order of 35 nm remarkably small reaction times are worthy of note. In (M5Ga) have been similarly prepared by the reaction of addition, as in any microwave heating process, the energy CuCl, M and excess S in water [37] at T 5 200 8C and is not wasted since it is dumped to the solvent, not the t 5 12 h. When the solvent was pyridine instead of water, bomb. larger particles were obtained. When ethylenediamine was
In flow-hydrothermal techniques, a preheated solvent is used as the solvent, the particle shapes were irregular. The mixed with reactants just before introducing the mixture 22 proposed mechanism is that S disproportionates to S and into a heated chamber whose pressure is controlled using a an unspecified oxidized species with S. The latter oxidizes back-pressure regulator. The individual components can be the metal and the sulphide is precipitated. The reaction is constructed with Swagelokீ fittings. An essential feature like the one for the Ag compounds presented earlier:
is the pumping of the reactants using high-pressure pumps 3CuCl 1 6S 1 4M → CuMS 1 MCl of the kind employed in high-performance liquid chroma-2 3
